Operation of high fluence pulsed laser systems in space imposes various risks to optical components involved. Volatile organic components are omnipresent in vacuum vessels housing space-borne laser systems and can be the source for selective contamination of optics. Laser systems may respond very sensitively to absorption increases of their multiple optical surfaces leading to inacceptable transmission losses and system degradation. In the recent past, thorough and long term laser tests, performed at the optics qualification laboratories at DLR and at ESTEC using space relevant and model substances, have revealed the onset, the built-up, and the later stages of the deposition process. It was found that these deposits tend to accumulate preferably on the laser footprint area of the optic. Observed thicknesses are on the order of several tens of nanometers, which can be sufficient to induce noticeable absorption. Sensitive techniques for insitu and ex-situ monitoring of these molecular contaminative effects under vacuum conditions were developed and are applied successfully. They are summarized in this paper, along with the phenomena, which are significant for the appearance of deposits. In addition, adverse conditions, which are favorable for provoking deposits, are communicated. Finally, mitigative and preventive methods are discussed.
INTRODUCTION

Space laser missions
LIDAR (Light Detection and Ranging) technology based on high power compact and pulsed laser sources will be a cornerstone of several upcoming ESA missions measuring earth and atmospheric features like aerosol height profile, wind velocity fields, and trace gas concentration. In addition, LIDARs are widely used for planetary surveying, e. g. altimetry. Space LIDAR systems typically operate high energy pulsed lasers in the IR, green or UV spectral range. In the past, several of these missions have suffered from anomalous performance loss or even failure after short operation times. Table 1 below summarizes important space laser missions launched during the last two decades by NASA and other space agencies [1] . The laser instruments of LITE, Mars Global Surveyor and ICESat suffered from contamination related phenomena preventing fulfillment of their mission goals. Still operating is the CALIOP laser #2 aboard the CALIPSO mission satellite. In the near future, ESA is planning two ambitious missions within the Earth Explorer Core Mission program ( [2] , Table  2 ): ADM-AEOLUS which is aiming at a global measurement of 3-dimensional wind speed fields and EarthCARE as a joint European-Japanese mission addressing the need for a better understanding of the interactions between cloud, radiative and aerosol processes. Both missions will deliver inputs to climate modeling. The expected mission duration is 36 months and up to 10 billion of laser pulses will be emitted in orbit. The laser instruments in both missions (ALADIN and ATLID) will operate in the UV wavelength range high power UV laser pulses. Hence, rigorous qualification is a prerequisite for long term failure free operation. Another important ESA mission is the BepiColombo Laser Altimeter (BELA), which will be the first European planetary laser altimeter system [3] . Table 1 : Past and present NASA and JAXA space laser missions. The follow-on mission for ICESat is planned for launch in 2015 [1] . 
Instrument
Laser-induced contamination
In this work, laser-induced contamination (LIC) is defined as the formation of a deposit on the surface of an optical component due to the interaction between the laser beam, the surface of the optic and outgassing species from nearby materials. In this sense, only molecular contamination is considered here excluding particulate contamination.
According to [4] [5] [6] , the selection of materials used must be based upon low outgassing criteria, RML < 1% and CVCM < 0.10%, where RML is recovered mass loss, i.e. the percentage of the total mass loss of the specimen itself without the absorbed water, and CVCM is collected volatile condensable material, i.e. the percentage quantity of outgassed matter from a test specimen that condenses on a collector. For applications around sensitive items (e.g. optics and detectors) more stringent values should be used, along with performance of bakes on the relevant hardware [4] . The definition of the outgassing requirements shall take into account the quantity of material concerned, and the specific environmental Table 3 below [5] . In [7] , more stringent requirements are defined for materials that are in the line of sight to contamination-sensitive surfaces on the spacecraft, with a CVCM limit of ≤ 0.01 percent, independent of the contaminant mass. Here, contamination-sensitive surfaces include windows, lenses, star trackers, solar arrays, radiators, and other surfaces with highly controlled optical properties. Hardware items containing materials that fail the CVCM requirements, shall be vacuum baked at a temperature of 125 ºC until the outgassing condensation rate, as measured by a quartz crystal microbalance at 25 ºC, is less than 1 x 10 -9 g cm -2 s -1 .
Laser-induced contamination is not treated in the available standards, especially there is no agreed-on test procedure for comparative screening tests allowing quantitative evaluation, but its adverse effects to operation of laser systems has been mentioned in various publications [8 -15] .
In the following chapters, we detail the test systems and test results attained from extensive campaigns performed at DLR and ESTEC laboratories.
Mass of material concerned (g) CVCM (%) RML (%)
> 100 < 0,01 < 1 10 -100 < 0,05 < 1 < 10 < 0,1 < 1 
LASER-INDUCED CONTAMINATION TEST BENCH AND PROCEDURE
Ultra-high vacuum LIC chamber and beam line
In order to simulate space conditions, the laser-induced contamination tests are performed in an oilfree pumped vacuum chamber assembled from commercial UHV-components (Fig. 1) . Basically, it consists of a CF 100 double cross with two flanges for the entrance and exit window which are used as optical samples. These windows are sealed with Viton O-rings. Prior to installation, the Viton O-rings are baked out for 5 hours at 120 °C in a vacuum oven. All other flanges of the chamber are sealed with copper gaskets. A second cross at the top of the main chamber contains the connections to the turbo molecular pump (pumping speed 60 l/s) and the pressure sensor (Pirani/Penning gauge). As fore pump an oil free scroll pump is used. Typically pressure of 10 -8 mbar or better is reached and maintained in the chamber. To have space for even large contamination samples a 30 cm CF 150 tube is flanged to the double cross rectangular to the beam line and symmetrically to entrance and exit window. It serves as a contamination unit. The outgassing rate of the contamination samples is monitored by a quartz crystal microbalance. The sensitivity is improved by peltier cooling of the sensor to -20 °C. Analysis of different contaminants dynamics in the chamber is performed with a mass spectrometer (residual gas analyzer, RGA). The whole chamber can be heated by electrical heating ribbons and special flange heaters up to 180°C for outbaking. For LIC tests with accelerated outgassing the tube with the contamination samples can be heated separately. Likewise, the optical samples i.e. entrance and exit window are equipped with heating jackets. The chamber can be vented and purged with ultra-pure and dried nitrogen (5N purity level).
The laser source is a flashlamp pumped Nd:YAG laser (Infinity 40-100). Frequency doubler and tripler units with KD*P SHG and THG crystals allow the generation of 532 and 355 nm UV laser irradiation. Typical LIC test parameters are summarized in Table 4 . The pulse energy can be adjusted by a combination of a half wave plate and a polarizer. A Galilean telescope is used for variation of the beam diameter. By a wedge a minor part of the beam is coupled out for monitoring of the beam profile and on-line recording of the pulse energy. 
LIC test procedure
Currently, there exists no standard test method for measuring and quantifying laser-induced contamination. The procedure, described below is based on an agreement of test benches and procedures with ESA/ESTEC. To avoid cross contamination between consecutive tests, the vacuum chamber is baked-out for at least 24 hours at a temperature of 150 -180 °C, before a LIC test with a new contamination material is run. The chamber is pumped during bake-out. The final pressure should be better than 10 -8 mbar. For verification of chamber cleanliness, a blank test is run after each bake-out process. The blank test is operated under the same conditions (temperature, laser fluence, duration) as the subsequent LIC test, but without contamination material in the chamber. The bake-out is regarded to be successful, if during the blank test no transmission loss occurs, the laser-induced fluorescence intensity is stable on a low level and not increasing and if after the test no deposits are detectable on the optics by fluorescence, differential interference contrast (DIC) and white light interferometry microscopy (WLIM). Otherwise, bake-out and blank tests are repeated until success criteria are achieved.
Prior to the LIC tests the surfaces of the optical samples are cleaned by drop and drag with ultrapure acetone. The absence of contamination and particles on the samples is verified by fluorescence and DIC microscopy. Before and after the LIC test the mass of the contamination samples is measured for determination of mass loss. After inserting the contamination sample into the vacuum chamber, the pumping system is activated. Generally, the irradiation is started, when the chamber pressure is below 10 -5 mbar. For acceleration purposes several tests were performed with reduced pumping speed by using a control valve between turbo pump and chamber to increase the partial contamination pressure in the chamber.
During the LIC test laser-induced fluorescence, pulse energy at the entrance and the exit of the chamber, temperature and pressure are monitored online. For characterization of the laser-induced deposits the optical samples are examined after the LIC tests by DIC, fluorescence, and WLIM. 
LASER-INDUCED CONTAMINATION MONITORING AND PHENOMENA
Transmission monitoring
When the surface of the tested sample becomes contaminated its optical features can change drastically. Absorptance or scatter will increase and cause a reduction in the quality of the optical component. It has been proven that even tiny just several nanometer thick contamination layers cause significant decrease in light transmission in the UV range [15] . The LIC test bench allows monitoring of both applied and transmitted energy. By two wedges monitor beams are coupled out for continuous recording of the laser pulse energy with two calibrated energy detectors (Ophir, PD10-v2). These recordings might be easily used for calculation of the overall transmission loss of the samples. During online tracking occurrence of the contamination could be recognized by the change of the ratio between incoming and output beams. However, difference in transmission caused by LIC varies in a range of several percent. Therefore in order to recognize this change temperature stability of the measuring environment must be ensured. Uncontrolled heat might influence behaviour of the energy detectors heads and may cause a misinterpretation of the transmission data.
Fluorescence monitoring
Most of the tests discussed in this paper were performed with UV laser irradiation. In this case potential deposits are excited by the UV light to fluorescence emission. It was shown that fluorescence monitoring is able to detect deposition layers in nanometer scale [13, 14] . The fluorescence detection unit consists of electron multiplying (EM) CCD camera (Andor, Luca S DL-658M), focusing optic, and UV blocking filter. The EM-CCD has a peltier cooled sensor (-20 °C) and two pre-amplifiers that features very high signal to noise ratio and a quantum efficiency of 50% in the 400 nm -700 nm wavelength range. The evaluation of in-situ recorded spatially resolved fluorescence images offers the possibility to gain insight into the dynamic of deposit growth and its dependence on time. The local fluorescence intensity shows for layers up to 100 nm a linear correlation with the deposit thickness [14, 15] .
Mass spectrometry
Knowledge about contamination distribution, composition and dynamics in the vacuum chamber is essential in order to understand and control laser-induced contamination processes. A well-known technique applied in this field is mass spectrometry. Contamination monitoring in vacuum systems is commonly carried out by residual gas analyzer (small rugged mass spectrometer). The LIC test bench is equipped with an integrated open ion source quadrupole residual gas analyzer (RGA) with additional electron multiplier (EM) next to the standard Faraday cup detector that helps to increase sensitivity and faster scan rates. It is capable to test the mass range between 1 and 200 amu with resolution better than 0.5 amu @ 10% peak high. Minimum detectable partial pressure reaches 5 x 10 -11 mbar using Faraday cup detector and 5 x 10 -14 mbar using electron multiplier. Comprehensive software provides possibility to run different type analysis for a full characterization of the chamber environment before, after or during a measurement. Main testing modes used in LIC measurements are scans that provide a line graph representation of the acquired mass spectrum (partial pressure vs. mass number). This information could be recorded for a single-shot, timed or continuously taken scans. It could be used to identify environment in the chamber or compare the changes that occurs over time of interest. The process trends might be monitored by tracking partial pressure for selected masses over time period. These characteristics are used whenever the assessment of contamination distribution or dynamic behavior is required. Hence mass spectrometry monitoring via RGA is able to provide a complete data set about cleanliness, contamination and transition processes in the vacuum chamber.
Laser source aspects
It has been noticed that characteristics of contamination such as structure, growth rate and composition strongly depends on irradiation (wavelength, beam profile, intensity, laser fluence and etc.) [15] . Wavelength is one of the key factors in LIC. A general comparison about contamination dependence on wavelength has been held out. 355 nm ultraviolet (UV) and 1064 nm infrared (IR) radiation has been used to explore deposit formation dependence on applied wavelength. Wavelength effect has been investigated under identical test conditions (1 J/cm 2 , 5 Mio. shots) in the LIC test bench described above. Three different contaminants have been tested: Silicone (CV 1152), Polyurethane (Solithane 113) and Epoxy (A12). As optical samples uncoated fused silica was used. The outgassing rate of the contaminants was varied by heating. The deposit height was investigated by WLIM of the optical samples after the test. For samples which has been irradiated with UV light, different quantity of contamination was observed, depending on contaminant and contaminant temperature (Table 5 ). However no contamination has been detected for infrared irradiation under the above mentioned test conditions. Therefore based on the obtained results it might be concluded that deposition in the ultraviolet is much more severe than in infrared. Table 5 : Wavelength effects for silicone, polyurethane (PU) and epoxy based materials. Shown is the deposit height after irradiations with infrared (1064 nm) and UV (355 nm) pulses (Peak fluence: 1 J/cm², 5 Mio. shots). It can be inferred from the table that the UV wavelength generates deposits whereas the corresponding tests in the IR have no effect. Fig. 2 displays a Nomarski micrograph together with a WLIM surface scan of a typical deposit grown on a uncoated fused silica optic after a test with a polyurethane based contaminant and irradiation with UV light. The crater or doughnut like structure is very typical for laser-induced deposits at high fluences. In Fig 3. is shown a series of fluorescence pictures, taken at the onset of a deposition process. By comparison of the surface profile of the deposit after the test with the corresponding fluorescence picture a calibration of the fluorescence intensity to deposit thickness was performed. At the beginning a steady growth of the deposit is observed with a pancake-like structure. Then a competing process of deposit removal starts at the center of the deposit, i.e. the region of highest laser intensity. After this the removal of material dominates and the "doughnut" structure develops with an increasing central hole. The removal process is probably caused by increasing absorption and thus increasing temperature with rising deposit thickness. Potentially the absorption is further enhanced by material decomposition and formation of carbon rich residues. The transition from "pancake" to "doughnut" growth occurred earlier when applying higher laser fluences. In case of very low fluences "pancake" growth dominates for most contaminant materials. The size of the central hole in the doughnut like deposits increases with increasing laser fluence (Fig.4) . From a comparison of deposit surface profiles with the corresponding beam profiles (1/e² beam diameter 510 µm) we estimated the threshold value above which in the center of the beam no deposition occurs to approximately 0.12 J/cm 2 for a test series with silicone based glue (Fig. 5 ). In regions with fluences below this threshold value, the growth rate seems to be directly proportional to the local laser fluence as can be concluded from the similarity between deposit and beam profile. Fig. 6a shows the dynamic of pure "pancake" growth. As already mentioned, this can be realized in case of a pulsed laser by irradiating with low fluence. An alternative is to use a cw laser diode. Fig. 6 shows the appropriate deposit growth dynamic calculated from corresponding fluorescence pictures. The wavelength of the laser diode was 375 nm, the mean power 10 mW. The mean laser intensity was similar to the test with pulsed irradiation, shown in Fig. 3 . 
Deposit structure and growth dynamic
MITIGATION
In general, the mitigation of contaminative effects can be applied (i) at the source, i. e. at the contaminant itself, (ii) during the transit from the source to the target optic, and finally (iii) at the target optic itself.
Contaminant source aspects
During the manufacturing of space lasers, the use of outgassing substances must be prevented as possible. As an example, metallic solder connects might substitute the use of organic glues. As such a replacement with a non-outgassing material is not always feasible, screening of materials like potting compounds, thermoplastics, or sealants, which cannot be substituted, must be performed under representative conditions with respect to their potential of developing deposits. Various screening tests comparing unconditioned and space conditioned substances were performed displaying clearly the effectiveness of vacuum bakes on the deposit built up (Fig. 7) . Although only material were under test which were conforming with the low outgassing rules specified in [4] [5] [6] , i.e. RML < 1% and CVCM < 0.10%, deposits were building up. This indicates that the outgassing limits must be more restrictive when laser-induced deposition is considered.
Molecular transit aspects
After emission from a source, contaminant molecules will propagate inside a chamber either in a ballistic manner or are scattered at the molecules of the gas above the contaminant, depending on the mean free path length, i.e. on the applied pressure. This molecular flux can be suppressed by making use of shielding cold traps, by implementation of adsorbing materials, or reduction of field of view. In [14] it was shown that zeolite absorbers are helpful in suppressing contamination at a partial chamber pressure of 40Pa. Furthermore, it was shown that the reduction of field of view or shielding of the source from the target optic was completely ineffective as it only led to a delayed deposit built up. , and the lower row shows two micrographs at the same temperatures, but from space conditioned material.
Target optic aspects
The effect of the optical surface features on their affinity to build up laser-induced deposits is not yet understood. There are indications that density of coatings and the surface nanostructure are of importance.
The interaction of volatized molecules with the surface of the optical sample is one of the initial processes for deposit formation. Therefore the influence of different surface properties (temperature, roughness and chemical composition) on this interaction was investigated. MgF 2 and SiO 2 are typical materials used in optical coatings. Fig. 8 shows the results of contamination tests with these compounds as top layers for AR coated samples. The tests were performed with peak fluences between 0.2 and 1.3 J/cm 2 . As contaminant a two-component polyurethane based glue was used. The contaminant temperature was 40°C. The surface profiles of the deposits show, that the growth rate on MgF 2 is clearly higher than on SiO 2 . Similar results were obtained with a silicone based contaminant. It has to be clarified, whether the different deposit behaviour is due to the different chemical structure or to other properties of the coatings.
To investigate the influence of surface roughness on deposit growth, tests with uncoated fused silica samples with different mean roughness values R a = 0.1, 0.3, 0.5 and 1.2 nm were performed. There was no significant difference in deposit growth rate and structure observable (Fig. 9 ). Whether these findings apply also to coated samples is not clarified up to now. Fig. 10 . shows the influence of surface temperature of the optical sample on the deposition process. The optical samples were uncoated fused silica windows, which were cooled resp. heated to 17, 30 and 50°C. The contaminant, an epoxy based glue was heated to 100°C. The deposit growth rate clearly increases with decreasing surface temperature. The adsorption and residence time (sticking coefficient) of volatized atoms and molecules on surfaces are temperature dependent processes and seem to play an important role in the laser-induced deposition process. These studies will be continued with different sets of standard optical components (AR windows and HR mirrors) coated with different technologies and coating materials. The morphology of their surfaces will be determined using Scanning Electron Microscopy and Atomic Force Microscopy. Then they will be exposed to identical test conditions and the type and level of deposition will be determined. That will lead to identify best candidates of coating technology in terms of contamination resistance. Only high-power optical coatings will be considered. The tests will preferably be performed at UV wavelength of 355 m, but also at 1064 nm. 
Environmental aspects
The formation of laser-induced contaminations occurs in particular if the laser systems are operated in vacuum. ESA/ESTEC has performed detailed studies to investigate the influence of pure oxygen on the deposit growth. It was found, that LIC decreases with increasing O 2 pressure until depositions were no longer detectable. For a peak fluence of 0.8 J/cm² with 355nm wavelength irradiation a partial oxygen pressure of at least 20-25 Pa is necessary to prevent LIC [14] . Additional tests showed that water vapor is also mitigating but not preventing LIC. Fig. 11 shows the results of tests with 5 hPa H 2 0 pressure. It should be mentioned, that for acceleration of outgassing, in this test the contaminant was heated to 100°C. For lower outgassing rates presumably a lower water vapor pressure is sufficient for LIC reducing. 
SUMMARY AND OUTLOOK
Laser-induced contamination implies a significant risk to the performance of pulsed lasers, especially UV lasers operating on space. Sensitive in-situ monitoring techniques are available, having nanometer resolution, and allow for the observation of deposit built-up during qualification tests. For mitigation purposes, the screening of applied outgassing materials (for low deposit formation) is strongly recommended. In case of failure, a vacuum bake-out of materials used (space conditioning) should be applied. Shielding of optics has no preventive but only a delaying effect. Operation under low pressure oxygen with a pressure threshold 20 -25 Pa O 2 was found to have a preventive effect in case that the oxygen cleaning will counterbalance the molecular flow of the contaminant. Future work at DLR will focus on to LIC process control by using multibeam UHV chamber currently under development with non-depletable contamination source. This chamber will provide useful data for the modeling of LIC process. Q. In your opinion, would the LID threshold be closer to that found at UV wavelengths or at IR wavelengths?
1E
A. We didn't test that. But, it should be somewhere in between, to be sure. A. I think it is on the order of 0.5% or 1%.
Q. You showed us one slide where fluorescence was barely visible and a second slide where the donut shape is very visible. Can you relate to your graph to what transmission these two cases relate?
A. This is a different measurement on this slide. The transmission measurement is just an example.
Q. So it appears that the transmission cannot be related to fluorescence directly. I get the impression that this curve and the curve on the previous slide are the same but we see transmission drop there. But, it's two different experiments.
A. It's correlated, but this is not the corresponding transmission picture.
Q. You mentioned that in the presence of silicone you get contamination . What exactly does that mean? Where is the silicone? Why,… how does silicone get into your optic?
A. In this test, we used a silicone tube. The background was that we got a laser that used a silicone tube in the optical path as an isolator or to prevent particulate contamination and then we had the problem and we had to try to identify what was going on. We then took the silicone tube to deliberately measure the effect of what was happening on the optic. And then we found a contamination spot which was quite transparent. So probably the silicone was transparent in the presence of oxygen where it was oxidized to SiO2. It's quite resistant to environmental stress like temperature increase or the scotch tape test. It stuck really well to the surface.
Q. Can you identify from the molecular level, which molecules are worst for causing contamination on the optics under UV illumination?
A. All kinds of hydrocarbons, aliphatic, aromatic, whatever. They stick on the surface. We believe that they are cracked by the UV irradiation thereby increasing the sticking coefficient. This is what we believe to explain the onset of the contamination process.
Q. But these molecules, you say that all organic molecules are bad. In the real world, we need to use these things to construct some of the materials. 
